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Soft interactions are not easily disentangled from hard ones. In an operational definition of soft and hard
processes one finds that at presently analyzed scales there is an interplay of soft and hard processes. As
the scale increases, so does the amount of hard processes. So far, nothing is as soft nor as hard as we
would like.
1 Introduction
Soft interactions are usually understood as the interac-
tions of hadrons at a relatively small scale. It is some-
times also referred to as low pT physics, choosing the
transverse momenta pT involved in the process as the
representative scale. Clearly this definition is very vague,
as the meaning of low pT is time dependent. We will try
to give an operational definition at least for some cases,
how one could define more precisely soft and hard inter-
actions.
One could take the approach that anything that can
be calculated by pQCD can be called a hard process.
All the rest would be soft. The problem however is that
what we calculate and what we measure is not the same.
In fact, we calculate processes between partons. These
‘dress–up’ before becoming the colourless object that we
measure and thus introduce elements like fragmentation
and hadronization which we don’t know to calculate in
QCD. We thus have an interplay of soft and hard pro-
cesses, which will be the main motto of this talk.
In the past, hadron–hadron interactions were
thought off as the main source of information about soft
interactions, while e+e− interactions and leptoproduc-
tion were traditionally designed to study point–like in-
teractions. The inverse seems to be happening today.
The hadron colliders are used for producing the point–
like objects while the others provide information on soft
phenomena.
The talk will contain two main parts. The first part
starts with a short discussion about total cross sections
since the bulk of the processes making up the total cross
section are believed to be soft interactions. There were
however some predictions that the total photoproduction
cross section in the HERA energy range will increase
sharply due to the resolved part of the photon struc-
ture, a prediction which was not borne out by experi-
ment. New results about the photon structure function
will be presented from the LEP experiments, which con-
strain the quarks in the photon.
To learn about the gluon density distribution in the
photon one studies jet production at HERA. However, for
understanding jets one needs to learn about fragmenta-
tion and hadronization and jet shapes. The LEP exper-
iments have submitted very detailed studies about that
and about event shapes, particle rates and Bose–Einstein
correlations, some of which will be reviewed in this talk.
HERA studies have shown that when viewed from
the Breit frame, the current region in ep interactions is
very similar to that of e+e− reactions, so one can profit
from all the studies made at LEP. However the proton
side at HERA is still not understood so well. There are
indications that much tuning has still to be done in the
Monte Carlo generators for a good description of the pro-
ton region.
The second part of this talk will be devoted to the
interplay between soft and hard interactions by giving
some operational definition of soft and hard for the most
inclusive (total cross section) and most exclusive (elas-
tic cross section) processes. Are deep inelastic scattering
(DIS) processes soft or hard? This question will be dis-
cussed by studying the behaviour of the total γ∗p cross
section with energy.
One of the surprising results of HERA was the exis-
tence of large rapidity gap events in DIS. These showed
the behaviour of a diffractive process in which a pomeron
is exchanged and which would traditionally be considered
as a soft phenomenon. Is that the case also in diffractive
reactions in DIS? In a picture where the pomeron is a
pseudo particle which contains partons, the Ingelman–
Schlein pomeron, the large rapidity gap events in DIS
carry information about the structure of the pomeron.
Further information about the pomeron can be obtained
from exclusive vector meson production in γp and in γ∗p
reactions. Does one get a consistent picture from these
studies?
Finally, some preliminary evidence for the existence
of colour–singlet exchange at high t will be presented.
1
2 Cross sections
2.1 Total cross section
Donnachie and Landshoff 1 succeeded to describe all
available p¯p, pp, K±p, π±p and γp total cross section
values by a simple parametrization of the form σtot =
Xs0.0808 + Y s−0.4525, where s in the square of the total
center of mass energy and X and Y are parameters de-
pending on the interacting particles. The value of X is
constrained to be the same for particle and antiparticle
beams to comply with the Pomeranchuk theorem 2. The
power of the first term, which in the Regge picture is
connected to the intercept of the exchanged pomeron at
t = 0, (αIP (0) = 1.08), was determined by using the p¯p
total cross section measurement of E710 3 at
√
s = 1.8
TeV. CDF 4 repeated this measurement at the same
√
s
and found a significantly higher value for the cross sec-
tion, which would imply a higher pomeron intercept of
αIP (0) = 1.11. Unfortunately, this discrepancy between
the two measurements has not yet been resolved.
Though an ep collider is mainly viewed as a machine
to study DIS, the bulk of the neutral current (NC) cross
section is in events where the exchanged particle is a pho-
ton with a low virtuality Q2. By using a calorimeter in
the electron direction which measures scattered electrons
at very small angles (< 5 mrad), one can tag events pro-
duced by photons of virtuality Q2 < 0.02 GeV2, with
a median Q2 of 10−5 GeV2. This way one can study
photoproduction reactions of almost real photons at cen-
ter of mass energies of ∼ 200 GeV, which is an order of
magnitude higher than was previously available.
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Figure 1: Total photoproduction cross section as a function of the
γp center of mass energy W compared to some parametrization, as
described in the text.
The H1 5 collaboration submitted a new measure-
ment of the total photoproduction cross section at a γp
center of mass energy W of 200 GeV. Their value of
σtot(γp) = 165 ± 2 ± 11µb, plotted in figure 1 together
with previous measurements 6, agrees well with the value
of 1.08 for the pomeron intercept and is lower than that
expected from an intercept of 1.11. In addition, this mea-
surement is higher than that expected from the ALLM 7
parametrization, to be discussed later.
2.2 Elastic and diffractive cross section
The H1 collaboration measured also cross sections for
elastic and diffractive photoproduction processes. In
photoproduction reactions, the elastic process is defined
through the reactions γp→ V p, where V = ρ0, ω, and φ.
Assuming that the double dissociation cross section is 15
µb, the following results are obtained: σel(γp) ≡ σ(γp→
V p) = 17 ± 4 µb and σSD(γp) ≡ σ(γp→ Xp)+ σ(γp→
V Y ) = 32 ± 12 µb. The single diffraction (SD) processes
contain those in which the photon diffracts into a system
X and also the process in which the photon turns into
one of the three vector mesons ρ0, ω, or φ and the pro-
ton diffracts into a system Y . One can then express these
results as ratios to the total cross section:
σel
σtot
= 0.10± 0.03
σSD
σtot
= 0.19± 0.07 (1)
These results are in good agreement with those obtained
by the ZEUS 6 collaboration atW = 180 GeV, which are
0.13 ± 0.05 for the elastic ratio and 0.19 ± 0.04 for the
SD ratio.
It is interesting 8 to compare these results to a com-
pilation of p¯p, pp, Kp, πp cross sections shown in figures
2(a) and 2(b). The ratio of the elastic to total cross
section of Kp and πp reactions, wherever available, are
smaller than the ratio for p¯p ones, as expected. The
γp ratio seems to be smaller than one would naively ex-
pect, given the hadronic nature of the photon. On the
other hand, from the comparison in figure 2(b), the ra-
tio of single diffractive to total processes seems to be
higher than expected. One possible explanation of this
fact can be connected to the way one defines the elastic
reaction in photoproduction as that of the three lightest
vector mesons. Though this might have been reasonable
at low energies, it may be underestimating the process at
higher energies where the available energy can produce
many more vector mesons. Thus, at higher energy one
would move some of the cross section contained in the
SD to the elastic channel, increasing the elastic ratio and
decreasing the single diffractive one.
In spite of this open question of the exact defini-
tion of the subprocesses in photoproduction, the total
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Figure 2: A compilation of the ratio of elastic to total cross section
for p¯p, Kp, pip and γp reactions as function of the square of the
center of mass energy s.
photoproduction cross section has no ambiguity and its
energy dependence is in accord with expectations from a
soft pomeron phenomenology. It doesn’t show the dra-
matic rise which was predicted by some so–called mini–
jet models in which the contribution to the rise comes
from the partonic picture of the photon, discussed in the
next chapter.
3 The photon structure function
3.1 F γ2 from e
+e− reactions
The photon is the elementary gauge particle responsible
for electromagnetic interactions. Nevertheless, when in-
teracting with hadrons, it behaves as though it consists
of two parts: one in which it acts as a structureless el-
ementary ‘bare’ photon and a second part in which the
photon acts almost like a hadron 9. Thus one can talk
about the notion of the photon structure function and
measure it experimentally. It is not exactly like a hadron
because the ‘structured’ part of the photon also consists
of two parts: one where the photon acts as a hadronlike
object and the process involves non–perturbative effects.
This part calls for a treatment similar to that of the pro-
ton and is thus denoted as FHAD2 . In the second part,
which is unique to the photon, the photon splits into a
qq¯ pair, and we will denote it by F box2 . This part is also
called the point–like part of the photon or the anomalous
part of the photon structure function and can be exactly
calculated through the process γγ → γγ described by a
box diagram.
For the hadronic part of the photon structure func-
tion one has the same situation as for a regular hadron
in the sense that one needs a certain input at a starting
scale Q20. However the hope was that if one can decom-
pose the photon structure function in these two parts
F γ2 = F
box
2 + F
HAD
2 (2)
then by going to high enough Q2, F γ2 → F box2 . Since
this part is exactly calculable and depends only on the
QCD scale parameter ΛQCD, one could determine the
QCD scale parameter by comparing the calculation to
the measured structure function.
It was however realized that one can not neglect the
hadronic part even at high Q2 because this part is needed
in order to cancel some singularities at small Bjorken x.
The situation is not improved by using next to leading
order (NLO) calculations. Thus one analyses the photon
structure function in a similar way to that of the proton
structure function by assuming an input parton distri-
bution at a given scale and evolving to higher scales.
Another approach 10 is to use separate inputs for the
point–like and the hadronlike components of the photon
structure function with a cutoff parameter p0T to separate
the two components. A compilation 11 of F γ2 averaged in
the region 0.3 < x < 0.8 can be seen in figure 3.
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Figure 3: A compilation of the photon structure function averaged
in the region 0.3 < x < 0.8. The lines correspond to two values of
the cutoff parameter p0
T
.
The measurement of the photon structure function is
an experimental challenge, especially in the low x region.
One has the problem of unfolding the true x distribution
from the value of the visible x measured in the detector.
This unfolding seems to depend on the models used in the
Monte Carlo generators and further studies are needed.
The OPAL 11 collaboration is currently investigating this
3
difficulty. The DELPHI 12 collaboration has attempted
a measurement of the photon structure function down
to the lowest x value published so far, x = 0.001. This
result, if confirmed, seems to indicate that the structure
function does not rise at low x, contrary to the behaviour
of the proton structure function.
The different parametrizations of the parton distri-
butions in the photon are all obtained by fitting their
expected evolution with Q2 to the results of the mea-
sured F γ2 . These measurements constrain only the quark
distributions in the photon, which is why the gluon distri-
butions are so strongly dependent on which parametriza-
tion one uses. In order to constrain also the gluons in the
photon one needs to get information from HERA mea-
surements.
3.2 Parton distributions in the photon from HERA
The two components of the photon, the ‘bare’ photon and
the photon with structure, are denoted in leading order
(LO) by direct photon and resolved photon, respectively,
and are depicted in figure 4.
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Figure 4: Examples of leading order diagrams for (a) direct and
(b) resolved photoproduction.
In diagram (a) the whole momentum of the photon
takes part in the reaction with the parton of the proton
resulting in two high pT jets. In diagram (b), only part
of the photon momentum participates in the production
of the two jets. Denoting by xγ the fraction of the pho-
ton momentum participating in the hard process, one
expects xγ ∼ 1 for the direct photon and xγ < 1 for the
resolved photon process. One way of estimating xγ is by
defining an observable variable xOBSγ from the measured
high pT jets which would be a good approximation of the
xγ calculated from the two final state partons:
xOBSγ =
Ej1T e
−ηj1 + Ej2T e
−ηj2
2Eγ
(3)
where ET is the transverse energy of the jet, η, its pseudo
rapidity, and Eγ is the energy carried by the almost real
photon. The distribution 13 of this variable is seen in
figure 5. The clear peak at high values of xOBSγ indicates
the presence of direct type processes while the resolved
photon processes populate the lower xγ values.
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Figure 5: The xγ distribution. The solid circles are uncorrected
ZEUS data. The solid (dashed) line represents the distribution
from the PHYTIA (HERWIG) simulation. The LO direct contri-
bution to the HERWIG distribution is shown by the shaded his-
togram. The Monte Carlo curves have been normalized to fit the
direct peak in the data.
The xγ distribution can in principle be used to ex-
tract information about the gluon distribution in the pho-
ton. One can assume that the distribution in figure 5 is
a sum of the direct and resolved photon processes. By
subtracting the estimated direct photon contribution one
is left with that coming from the resolved photon pro-
cesses. This part consists of the contribution from quarks
and from gluons. One can estimate the quark part using
a parametrization of the quark distribution function as
determined from fits to the photon structure function.
Thus the difference between the data and the quark es-
Figure 6: The gluon density distribution in the photon. The data
is represented by the solid dots. The lines are expectations from
different parametrizations of the gluon distribution in the photon.
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timate can be attributed to the gluons in the photon 14.
This difference can be converted into a gluon distribution
function of the photon, shown in figure 6 . The data are
given at a scale of < pT >
2= 75 GeV2. The lines are ex-
pectations from different parametrizations of the gluon
distribution in the photon.
The method described above gives a rough estimate
and a more careful study is planned. However it shows
the potential of the high ET jets measured in the photo-
production data of HERA to provide information about
the gluons in the photon. The preliminary results given
above do not favor a steeply rising gluon distribution at
low xγ predicted by some of the parametrizations.
3.3 Structure of virtual photons
Measurements of the photon structure function has been
done so far for real photons. The measurement of xγ
at HERA presented above has been done for almost real
photons having virtualities with a median of 10−5−10−3
GeV2. Do photons of higher virtuality also have struc-
ture? The only measurement so far of a structure func-
tion of virtual photons has been done more than 10 years
ago by the PLUTO 15 collaboration for a virtuality of
0.35 GeV2, showing a slight decrease of the structure
function compared to the one for real photons.
Figure 7: Uncorrected xobsγ distributions for a) virtual and b) quasi-
real photons.
The ZEUS detector implemented a special beam–
pipe calorimeter (BPC) which can tag photons of virtu-
ality 0.1 < P 2 < 0.55 GeV2. In γγ physics the virtuality
of the target photon is denoted by P 2 and that of the
probing photon is denoted by Q2. The uncorrected xγ
distribution is shown in figure 7 for the measurements in
the BPC 16 and compared to the distribution measured
in the luminosity electron tagger which measures almost
real photons. One sees from figure 7a that in addition
to the peak near xobsγ ∼ 1, which indicates the presence
of direct photon processes, there are events also at lower
xobsγ . One thus can conclude that photons of virtuality
in the range 0.1 < P 2 < 0.55 GeV2 also have a resolved
part. Furthermore, by making an operational definition
of direct photons as those with xobsγ > 0.75, one can study
the ratio of the resolved to direct photon processes as a
function of the photon virtuality P 2, shown in figure 8.
This ratio should not be affected strongly by the accep-
tance corrections. The ratio of resolved to direct photon
Figure 8: The uncorrected ratio Nres/Ndir as a function of photon
virtuality P 2 (in GeV2).
processes seems to decrease with increasing photon vir-
tuality in the P 2 range measured here.
The discussion in these last two subsections shows
that in order to be able to reconstruct xγ and thus gain
information about parton distributions in the photon at
HERA one needs a good understanding of jets. We there-
fore turn now to the next chapter where we describe the
present status of our knowledge about fragmentation and
hadronization studies.
4 Fragmentation and hadronization studies
Much of the material in this chapter comes from the LEP
experiments and have been covered in the parallel ses-
sions by J.Fuster, W.Metzger, R.Settles, T.Sjo¨strand and
F.Verbeure. Thus I bring here only a short selection to
highlight some points.
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4.1 Jet shapes
As was shown in the earlier section, one needs to recon-
struct jets in order to get information about the momen-
tum of the partons participating in the hard processes.
It is therefore important to have a good understanding
of the jet shapes, which are influenced by fragmenta-
tion models. Properties of quark jets have been stud-
ied for quite some time, thus there is a need to learn
more about gluon jets. The DELPHI 17 collaboration
presented a study of the energy dependence of the dif-
ference between the quark and gluon jet fragmentation.
Using quark and gluon jets of purities ∼90% they show
that gluon jets are broader than quark ones. They mea-
sured the charged multiplicity in each as function of the
jet energy (figure 9a) and also the dependence of the ra-
tio between the gluon and quark charged multiplicities
on the energy (figure 9b). The results were compared
with the expectations from the generator JETSET7.3.
Not unexpectedly, the description of the gluon jet is not
perfect, firstly because it was much less studied and sec-
ondly maybe because it has a more complicated colour
structure than the quarks. For example, because of QCD
coherence, the gluon radiation angle has to be taken into
account properly 18.
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Figure 9: (a) The gluon and quark charged multiplicity distribution
as function of the jet energy. (b) The ratio of gluon to quark
multiplicities as function of the jet energy.
4.2 Event shapes, particle rates
From jet shapes, we turn to the description of multipar-
ticle final states. The ALEPH 19 collaboration studied
the charged multiplicity distribution in different rapid-
ity intervals. They unfolded the data and studied the
charged multiplicity in a small rapidity range, a medium
range and over the whole rapidity window, as indicated
in figure 10. The JETSET7.3 predictions seem to be the
only ones which can give a good description of the data
in all the rapidity intervals.
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Figure 10: Comparison of charged multiplicity data with unfolded
results and with predictions of four models in small, medium and
full rapidity range.
It is interesting to check whether the hadronic de-
composition of the final state is in agreement with those
expected from the generators. One can get the hadrons
in the final state either as being formed directly from
the string or as decays of more massive hadrons. The
OPAL 20 collaboration studied the dependence of ξpeak
on the hadron mass, where ξpeak is the peak value of the
variable ξ = ln(1/xp) with xp being the scaled hadron
momentum. As one can see from figure 11 when one in-
cludes in addition to the directly produced hadrons also
those from the decay of heavier hadrons, the JETSET7.3
Monte Carlo reproduces the pattern observed in the data.
In order to reproduce the rate of inclusive strange
particle production, the OPAL collaboration altered the
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Figure 11: The dependence of ξpeak on the hadron mass, com-
pared to prediction from the JETSET Monte Carlo for direct and
inclusive production of particles.
default value of the strangeness suppression factor λs
from 0.3 to 0.245. The ALEPH 21 collaboration finds
that it can describe the strange vector meson rate using
the default value of λs=0.3. At HERA, both the ZEUS
22
and the H1 23 collaborations find that the data are better
described with a strangeness suppression value of λs ∼
0.2.
The DELPHI 24 collaboration made a very detailed
study of tuning parameters of fragmentation models
based on identified particles. They succeed to find pa-
rameters which give a good description of most features
of the data. The one worrying result is that all models
underestimate the tail of the poutT distribution by more
than 25%, where poutT is the transverse momentum of a
particle out of the event plane (see figure 12). From the
study of all other variables, the authors conclude that the
best overall description is provided by ARIADNE4.06.
Such studies 24 are most useful and should be en-
couraged since they increase our ability to isolate which
of the observations come from fragmentation and which
from the underlying basic process.
Can one apply the results obtained at LEP to the
HERA physics? There are some clear similarities be-
tween e+e− and ep reactions. The best way to see that
is to compare the e+e− results with those of ep obtained
in the Breit frame. This is done in figure 13 where
the mean charged multiplicity from e+e− reactions are
compared with twice the mean charged multiplicity of ep
reactions 25 in the Breit frame. The results are plotted
as function of the photon virtuality in case of ep and for
e+e−, its center of mass energy. The good agreement be-
tween the two reactions indicates that the electron side
in ep reactions behaves similarly to that in e+e−.
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Figure 13: Twice the mean charged multiplicity of ep reactions
in the Breit frame compared to the mean charged multiplicity in
e+e− reactions.
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4.3 Multiple interactions
While one could learn about hadronization from e+e−
reactions as far as the electron side of ep is concerned,
the situation at the proton side is different. For very
low Q2, the quasi–real photon shows structure similar to
a hadron. The resolved photon shows a clear spectator
structure 26 just like in the case of the proton where one
has its remnant. One thus can have situations where the
remnants of the photon and proton might also interact,
thus producing events with multiple interactions 27.
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Figure 14: Transverse energy flow outside the two jets as function
of xγ . The histograms which are closer to the data points are
MC generators which include multiple interactions, while the lower
histograms don’t have interactions of the beam remnants.
The H1 28 collaboration studied photon proton in-
teractions producing two high ET jets. They chose the
central photon–proton collision region to look for trans-
verse energy flow outside the two jets with the highest
ET . This flow is compared in figure 14 with predictions
of Monte Carlo generators with and without the multi-
ple interaction option. This comparison indicated that
multiple interactions are needed in order to be able to
reproduce the behaviour of the data.
However, this conclusion is not unique. The flex-
ibility of the generators include many more parameters
which can be tuned to produce a similar effect to multiple
interactions. This is shown by the ZEUS collaboration 29
in figure 15, where the uncorrected transverse energy flow
around the jet axis is compared with Monte Carlo predic-
tions using different options and different parametriza-
tions of the photon structure function. One can choose a
combination of these parameters which does not include
multiple interactions and nevertheless get a fair descrip-
tion of the data. It is thus clear that in order to have
Figure 15: The uncorrected transverse energy flow around the jet
axis of jets in the ET range of 5–6 GeV (dots) compared to pre-
dictions of Monte Carlo generators (histograms) using some of the
available options.
a better understanding of the fragmentation in the pro-
ton region one needs a more detailed study and further
tuning of the different generators.
We can summarize this chapter on fragmentation and
hadronization studies with the statement that the general
features of jet fragmentations, hadronizations, particle
multiplicities are quite well described by the generators.
One needs much effort to do systematic tuning for finer
details. One worrysome problem is that the large pT dis-
tribution of final state hadrons is not properly described.
For HERA, the generators need further tuning for the
description of the proton side, with a possible sign for
multiple interactions.
5 Interplay of soft and hard processes
5.1 Operational definition
It is not completely clear what one means by soft and
hard interaction. One would have hoped that by going to
the region of DIS one has a better way of probing the hard
interactions. As a guideline to help distinguish the two,
let us define some operational criteria for what we would
consider as a soft and as a hard process. We can not do it
in the most general terms, but let us concentrate on some
selected measurements: total cross sections and elastic
cross sections, the first being the most inclusive and the
latter the most exclusive measurement we can make. At
high energies, both these processes are dominated by a
pomeron exchange.
As discussed earlier, the total π±p,K±p, pp, p¯p and
8
γp cross sections show a slow dependence on the cen-
ter of mass energy W , consistent with the so–called soft
pomeron 1, having a trajectory
αIP (soft) = 1.08 + 0.25t (4)
The hard or the perturbative pomeron, also called the
Lipatov pomeron or the BFKL 30 pomeron, is expected
to have a trajectory
αIP (hard) = 1 +
12 ln 2
π
αS (5)
The definition of the hard IP is quite vague. First, the
value of the intercept which is usually taken as 1.5 is
a very rough estimate using the expression of the ex-
pected power of the reggeized gluon. Using a leading
order calculation in ln 1/x, the distribution of the mo-
mentum density of the gluon is expected to have the
form xg(x,Q2) ∼ x−λ where λ = αS/0.378. Although
usually the value of λ is taken to be 0.5 31, one should
note that this requires a value of αS = 0.18, which hap-
pens only at large Q2, whereas the BFKL calculation is
expected to be valid for moderate Q2 values. The sec-
ond comment about the assumed hard IP form is the
fact that the slope of this trajectory is taken to be zero.
The reason for this assumption can be understood intu-
itively by the fact that the slope is inversely proportional
to the average transverse momentum square of hadrons,
which is expected to be much larger in hard interactions
compared to soft ones.
Following the above definitions of the soft and the
hard pomeron, we have some expectations for the be-
haviour of the total γ∗p cross section, σγ
∗p
tot , and the
elastic one, which in the HERA case is the reaction
σ(γ∗p→ V p):
quantity W dep soft hard
σγ
∗p
tot (W
2)αIP (0)−1 (W 2)0.08 (W 2)0.5
slope b of dσ
dt
∼ 2α′ lnW 2 shrink. no shrink.
σ(γ∗p→ V p) σ2tot/b (W 2)0.16/b (W 2)1
We thus turn now to the recent HERA data to check
their energy behaviour.
5.2 The total γ∗p cross section, σγ
∗p
tot
The total γ∗p cross section, σγ
∗p
tot , can be related to the
proton structure function F2 through the relation
F2(x,Q
2) =
Q2(1 − x)
4π2α
Q2
Q2 + 4m2px
2
σγ
∗p
tot (x,Q
2) (6)
where the total γ∗p includes both the cross section for
the absorption of transverse and of longitudinal photons.
In this expression the Hand 32 definition of the flux of
virtual photons is used.
DL extended 33 their parametrization of the total
photoproduction cross section also for virtual photons,
using however the same energy behaviour as for the real
photon case. The ALLM 7 parametrization assumed that
the power of the energy behaviour, ∆ (same meaning as
the ǫ used by DL), has a Q2 dependence with a smooth
transition from the value of 0.05 at Q2=0 to ∼ 0.4 at high
Q2. A similar assumption is made also by CKMT 34,
who assume a somewhat simpler Q2 dependence for ∆.
Badelek and Kwiecinski 35 take a linear combination
of generalized vector dominance model (GVDM) and a
QCD based calculation, where the weight of each part is
Q2 dependent.
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Figure 16: The total γ∗p cross section as function of W 2 from
the F2 measurements for different Q2 values. The lines are the
expectations of a new ALLM type parametrization.
Figure 16 presents the dependence of σγ
∗p
tot , obtained
through equation 6 from the measured F2 values
36,37,
on the square of the center of mass energy, W 2, for fixed
values of the photon virtuality Q2. While the data below
Q2=1 GeV2 show a very mild W dependence, the trend
changes as Q2 increases. Note that for higher values of
Q2 one sees the typical threshold behaviour for the case
when W 2 < Q2 38. The curves are the results of a new
ALLM type parametrization which added to the earlier
data used in the previous fit data from E665 39, new data
from NMC 40 and the published HERA 41 data.
In order to see how the slope of the W dependence
changes with Q2, the cross section values in the region
9
Figure 17: The Q2 dependence of the parameter ∆ obtained from
a fit of the expression σγ
∗p
tot = σ1W
2∆ to the data in each Q2 bin.
The curves are the expectations of the parametrizations mentioned
in the text.
where W 2 ≫ Q2 were fitted 42 to the form σγ∗ptot =
σ1W
2∆ for each fixed Q2 interval. The resulting values
of ∆ from the fit are plotted against Q2 in figure 17. The
curves are the expectations of the CKMT (parametriza-
tion valid 34 only up to Q2 ∼ 5–10 GeV2), the ALLM (fit-
ted without the HERA data) and the updated ALLM–N
parametrization, which includes also some of the recent
HERA data in its fit. One can see the slow increase of
∆ with Q2 from the value of 0.08 at Q2=0, to around
0.2 for Q2 ∼ 10–20 GeV2 possibly followed by a further
increase to around 0.3–0.4 at high Q2. One would clearly
profit from more precise data, expected to come soon.
We can thus conclude that the energy behaviour of
σγ
∗p
tot indicates that there is a smooth transition from soft
to hard interactions with an interplay between the two
in the intermediate Q2 range.
5.3 Vector meson production in γp and in γ∗p
Given the behaviour of the σγ
∗p
tot data, what kind of en-
ergy behaviour would one expect for the ‘elastic’ process
γ∗p → V p for real and virtual photons? In case of pho-
toproduction we have seen that the total cross section
follows the expectations of a soft DL type IP . Thus if
one takes into account the shrinkage at the HERA ener-
gies, one expects σ(γp → V p) ∼ W 0.22. In case of DIS
production of vector mesons in the range Q2 ∼ 10–20
GeV2, the expectations are σ(γ∗p → V p) ∼ W 0.8, since
in this case one expects almost no shrinkage.
Figure 18: The total and ‘elastic’ vector meson photoproduction
measurements as function of W , for the vector mesons ρ, ω, φ and
J/Ψ. The curve to the total photoproduction cross section is the
DL parametrization (W 0.16). The other lines are curves of the
form W 0.22 and W 0.8.
Figure 18 presents the measurements of the total and
‘elastic’ vector meson photoproduction cross sections as
function of the γp center of mass energy W . As one can
see, the high energy measurements of the total and the
ρ 43,44, ω and φ photoproduction 43 follow the expec-
tations of a soft DL type pomeron. However, the cross
section for the reaction γp→ J/Ψp 45,46 rises much faster
than the expectedW 0.22 rise from a soft reaction. In fact,
it can be well described by a power behaviour of ∼W 0.8.
This surprising behaviour can be understood if one con-
siders the scale which is involved in the interaction. In
case of photoproduction reaction, the scale cannot be set
by the photon since Q2 = 0. The scale is set by the
mass of the vector meson and by the transverse momen-
tum involved in the reaction. Thus, for the lighter vector
mesons the scale is still small enough to follow a soft be-
haviour. However, the mass of the J/Ψ is large enough
to produce a scale which would be considered as a hard
interaction.
The reaction γ∗p → ρ0p has been measured 47,48 at
two Q2 values of 8.8 and 16.9 GeV2. The reaction γ∗p→
φp has been measured 47 for Q2 of 8.3 and 14.6 GeV2.
Since in these cases the scale is set by Q2, one expects
the energy behaviour to be ∼W 0.8. The measurements
from HERA are compared to the lower energy ones from
NMC 49 and are displayed in figure 19 for the ρ0 and in
figure 20 for the φ. In both cases one can see a faster
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Figure 19: The dependence of the cross section for the reaction
γ∗p → ρ0p on W , for different Q2 values.
rise with W than the soft W 0.22 behaviour and in good
agreement with W 0.8. These results are thus consistent
with the Q2 dependence of ∆ as shown in figure 17.
The ratio of the φ to ρ0 cross sections is expected to
be 2:9 according to SU(4). However experimentally this
ratio is about 0.07 at Q2=0 50 and increases to about 0.1
at Q2 ∼ 10 GeV2 in the W range of ∼ 10 GeV of the
NMC 49 experiment. The disagreement was explained
as a suppression due to the difference in the masses and
wavefunctions of the two vector mesons. However, at
higherW and higherQ2, the effect of these differences are
expected 51 to be negligible and the ratio should reach the
value of 2/9. One of the interesting questions is whether
it is enough to go to higher W or does one need both W
and Q2 to be large.
The ZEUS 47 collaboration has measured this ratio
both at Q2=0 and at Q2 ∼ 15 GeV2, at a value of W ∼
100 GeV. These measurements, together with those of
NMC, are plotted in figure 21. It is clear from the figure
that in order to reach the expected value of 2/9 one needs
both W and Q2 to be large. One also sees that the value
is still not reached, thereby hinting that we still are in
the region where the interplay between soft and hard
interactions is observed.
Before continuing to the next chapter it is worthwhile
to note that the properties observed for vector mesons
have a natural explanation in QCD, where vector me-
son production with a large scale can be described by
an exchange mechanism of a pomeron consisting of two
gluon. For example, in the case of the model of Brodsky
et al. 52 one expects that the differential ρ0 cross section
produced by longitudinal photons should be proportional
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Figure 20: The dependence of the cross section for the reaction
γ∗p → φp on W , for different Q2 values.
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Figure 21: The ratio of the φ to ρ0 cross sections as a function of
Q2 for the ZEUS and NMC data. The dotted line is the expected
ratio from SU(4).
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to the gluon distribution in the proton:
dσ
dt
(γ∗Lp→ ρ0p) ∼
[αS(Q
2)xg(x,Q2)]2
Q6
Cρ (7)
Since at low x values [αS(Q
2)xg(x,Q2)]2 ∼ Q and since
the kT dependence of the ρ
0 wave function introduces 53
another Q0.5 dependence, the expectations of the QCD
calculation are that the data should have a Qn de-
pendence, where n=4.5–5. The ZEUS 47 experiment
finds n=4.2±0.8+1.4
−0.5 and the H1
48 experimental result is
n=4.8±0.8 (statistical error only). The x dependence of
the ZEUS 54 measurement is consistent with their gluon
determination from their F2 measurement.
The conclusion of this chapter is that the reactions
γp → V p and γ∗p → V p are consistent with the W
behaviour of σγ
∗p
tot . According to the above operational
definition, we observe a transition from soft to hard in-
teractions, with the results in the presently measured
kinematic range being driven by an interplay of both.
When a large scale is present, being the virtuality of
the photon or the mass of the vector meson, the cross
section is consistent with a rise driven by the rise of
the gluon momentum density xg(x,Q2) with W . The
pomeron exchange mechanism described by two gluons
gives results consistent with the data. In the next chap-
ter we will see what we can say about the structure of
the pomeron.
6 Large rapidity gap events in DIS
One of the surprising results of HERA was the discov-
ery 55,56 of large rapidity gap (LRG) events in DIS pro-
cesses. These events were shown to be consistent with
a picture in which the virtual photon γ∗ diffracts into a
system with invariant mass MX , exchanging a colourless
object with the properties expected from a pomeron.
In order to understand why this was surprising, con-
sider photoproduction processes. As we saw in chapter
2, about 10% of the total γp cross section comes from
processes where the photon diffracts. This hadronic be-
haviour of the photon is accepted because of the fact
that a real photon, which is energetic enough, can fluc-
tuate into a hadronic state before interacting and the
fluctuation time is large enough compared to the inter-
action time so that the hadronic nature of the photon
is felt in the interaction. The fluctuation time can be
expressed as 57 tf ∼ 2Eγ/m2V , where Eγ is the photon
energy and mV is the mass of the hadronic state into
which the photon fluctuates. The fluctuation time of a
virtual photon with virtuality Q2 is tf ∼ 2Eγ/(m2V +Q2)
and thus as the photon virtuality increases, the fluctua-
tion time decreases and the virtual photon behaves like
a point–like object. Therefore the generators describing
DIS processes did not include diffraction as one of the
possible reactions.
However, a closer look at the above argument shows
that in fact the diffraction of virtual photons was to be
expected. In the region of high W, when W 2 ≫ Q2, the
fluctuation time can be expressed 58 as tf ∼ 1/(mpx).
Thus at low x, the fluctuation time is large enough for
a virtual photon to diffract like any hadron. The rate
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Figure 22: The inclusive structure function (open circles) and the
contribution coming from LRG events (full dots) as function of
Bjorken x for different Q2 intervals. In the right part of the figure,
the ratio rD of the two structure function is plotted as function of
x for the same Q2 intervals as in the left part.
of these LRG events is about 10% of the total cross sec-
tion 55,56 and is displayed in figure 22 for data of the
H1 59 experiment. The ratio of the LRG events seems to
be in first order independent on x and on Q2 and thus
are a leading twist effect.
In order to define a structure function of the LRG
events, it is useful to define the following variables in ad-
dition to x and Q2: the four momentum transfer squared
t at the proton vertex, the fraction xIP of the proton mo-
mentum carried by the (generic) pomeron emitted by the
proton and the fraction β of the pomeron momentum car-
ried by the struck quark. The last two variables can be
expressed as:
xIP =
M2X +Q
2
W 2 +Q2
, β =
Q2
M2X +Q
2
(8)
The three fractional momenta are related by x = xIPβ.
Since t is not yet measured by the experiments, one in-
tegrates and defines a threefold differential cross section
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in the form
d3σ
dβdQ2dxIP
=
2πα2
βQ2
[1 + (1− y)2]FD(3)2 (β,Q2, xIP ) (9)
In this expression we have neglected the contribution
coming from the longitudinal part of the structure func-
tion.
6.1 Factorization
Assuming that the LRG events are produced in a diffrac-
tive process where a pomeron is exchanged, it would be
interesting to check what are the properties of this ex-
changed object. Is it an Ingelman–Schlein(IS) 60 type of
pomeron which behaves similar to a regular hadron? Is it
a pomeron as modelled by Nikolaev–Zakharov 61 by two
or more gluon exchanges? In the former case, the F
D(3)
2
structure function can be factorized into a part which
is the flux fIP (xIP ) of pomerons emitted by the pro-
ton, multiplied by the structure function of the pomeron,
F IP2 (β,Q
2). In the latter case, there is an explicit factor-
ization breaking in the model. Therefore, in order to
check the factorization assumption, the measured struc-
ture function F
D(3)
2 was fitted in different β,Q
2 bins to
the form
F
D(3)
2 =
(
1
xIP
)a
Cβ,Q2 (10)
where a is kept fixed for all β,Q2 bins and C is a constant
allowed to vary from bin to bin. The form chosen for the
flux factor is driven by the Regge phenomenology where
one expects the flux of pomerons to have the form
fIP (xIP ) =
(
1
xIP
)2αIP (t)−1
(11)
The measured F
D(3)
2 by H1
62 and ZEUS 63 are plot-
ted in figure 23 as function of xIP for fixed β,Q
2 bins and
fitted to the form expressed in equation 11. The data are
consistent with the factorization hypothesis, yielding for
the power a of the flux factor the result
aH1 = 1.19 ± 0.06 (stat) ± 0.07 (syst)
aZEUS = 1.30 ± 0.08 (stat) + 0.08− 0.14 (syst) (12)
The expected power for a DL type soft pomeron would
be about 1.10–1.12, depending on the assumed slope of
the diffractive peak used in the integration over t and on
the value of the slope of the pomeron trajectory. For the
case of a hard pomeron as described in the earlier chapter
one expects a to be 2. The result is consistent with that
of a soft pomeron but also with that of an admixture of
both soft and hard pomeron as discussed above. This
could be another example of the interplay of soft and
hard interactions.
Figure 23: F
D(3)
2 (β,Q
2, xIP ) as a function of xIP for fixed β,Q
2
bins.
Two notes in passing: (1) though the result is con-
sistent with factorization, it can also be described by
the Nikolaev–Zakharov model which assumes factoriza-
tion breaking. However the breaking in the measured
kinematic region is too small to be distinguished by
the present accuracy of the data; (2) the behaviour of
the data can also be explained by a model like that
of Buchmu¨ller and Hebecker 64 where the concept of
the pomeron is not used and instead assumes a non–
perturbative colour cancellation induced by wee partons.
6.2 The structure of the pomeron
If the pomeron has substructure, as postulated by the
Ingelman–Schlein model, one could learn about the par-
ton of the pomeron by using the F
D(3)
2 structure function
and compare it to different shapes of parton distribution
functions. From the shapes of the distribution of some
kinematical variables the HERA experiments found that
one needs quarks which have a hard distribution of the
form β(1−β). If in addition one assumes that the partons
in the pomeron satisfy a momentum sum rule like a reg-
ular hadron, one can get the coefficient of the parton dis-
tribution. This is shown in figure 24, where the pomeron
is assumed to contain quarks having a hard momentum
distribution and the momentum sum rule is assumed to
hold. The comparison to the data is done assuming the
DL or the IS form for the flux of pomerons. One can see
that independent of the assumed flux, the momentum of
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the pomeron is not saturated by quarks alone.
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Figure 24: Comparison of the structure function F
D(3)
2 with the
momentum sum rule, using the DL(full line) or the IS(dotted line)
flux factors.
Another way of studying the partonic structure of
the pomeron is to perform an experiment similar to the
two jet production associated with a tagged leading pro-
ton experiment carried out by UA8 65. This was done
Figure 25: The inclusive jet photoproduction cross section, com-
pared with different parton distributions and with expectations
from non–diffractive background, as described in the text.
by ZEUS 66 which studied large pT jets photoproduced
with a LRG. The cross section values of these events are
compared in figure 25 to different parton distributions in
the pomeron, as well as with background coming from
non–diffractive events. The flux of the pomeron was as-
sumed to be given by DL and the pomeron was assumed
to consist of either only quarks or only gluons, soft or
hard, in each case saturating the momentum sum rule.
As can be seen from the figure, the data can be explained
either by a pure hard gluonic component or by a combi-
nation of hard quarks and gluons in the pomeron.
Figure 26: The normalization ΣIP needed to describe the DIS and
the photoproduction data as a function of the fraction cg of gluons
in the pomeron.
The conclusions drawn from the comparisons in fig-
ure 24 and from those in figure 25, when considered sep-
arately, depend on the choice of the pomeron flux and
on the assumption of the validity of a sum rule for the
pomeron. One can however try and do a comparison
based on the joint results of the DIS and the photopro-
duction data, leaving as free parameters the amount of
gluons, cg, and that of quarks, 1− cg, in the pomeron as
well as the overall normalization ΣIP needed to reproduce
the results of the two measurements. The region where
ΣIP is the same for both determines the amount of glu-
ons in the pomeron in a model independent way, provided
the same pomeron is involved in both processes. Such a
comparison is shown in figure 26, from which one can con-
clude that the gluon carries a fraction of 0.3 < cg < 0.8
of the pomeron momentum. This result is independent
of the assumed expression for the flux, of the validity
and of the assumption of a momentum sum rule for the
pomeron.
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6.3 LRG between jets
Another way of looking for processes where the pomeron
is expected to behave differently than the soft pomeron
is in large t processes. One possibility is to look for gaps
between high pT jets, which corresponds to a high t two-
body reaction. Study of the rate of jets as function of the
rapidity gap between the jets can be a source of observing
the presence of pomeron exchange in hard processes.
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Figure 27: (a) Resolved photoproduction via a colour singlet ex-
change. (b) The rapidity gap morphology of a two jets event, as
described in the text. (c) The gap fraction f as function of the
pseudorapidity interval ∆η for the ZEUS data, compared with the
result of a fit to an exponential plus a constant. (d) The gap frac-
tion between two jets for the D0 data.
Figure 27(a) describes schematically an example of
colour singlet exchange in resolved photoproduction in
which a parton in the photon scatters from a parton in
the proton, via t–channel exchange of a colour singlet ob-
ject. The event morphology is described in figure 27(b)
where two jets in the final state are shown as circles in
(η, φ) space and ∆η is defined as the distance in η be-
tween the centers of the two jet cones. The gap fraction
f(∆η) for the ZEUS 67 data are compared in figure 27(c)
with the result of a fit to an exponential plus a constant
from which one concludes that there is an excess of about
0.07 in the gap fraction over the expectation from colour
non–singlet exchange.
There were indeed indications from the CDF 68 and
the D0 69 collaboration for the existence of rapidity gap
between jets at a rate of about 0.01, as shown for the
D0 data in figure 27(d). The ZEUS collaboration mea-
surement of 0.07 can be compatible with the Tevatron
result if one takes into account the fact that the survival
probability of a gap is larger in γp reactions than in p¯p
ones.
To conclude this chapter we can say that large ra-
pidity gaps have been observed also in DIS processes.
They can be interpreted as being due to diffraction, with
the exchange of a pomeron. The diffractive structure
function is consistent with the factorization hypothesis
in the kinematic range where data exist. In a picture of
an Ingelman–Schlein type pomeron with a partonic sub-
structure, a large fraction of the pomeron momentum is
carried by gluons. More detailed study is needed before
concluding about the soft or hard nature of this pomeron.
There are first signs for the existence of a colour sin-
glet exchange at large t.
7 Summary
One would like to separate soft from hard interactions.
However nothing is as soft as we would like nor as hard
as we would like. There is an interplay of soft and hard
processes at all values of Q2. As Q2 or any other scale in-
creases, the amount of hard processes seems to increase.
In order to resolve the hard processes one needs a good
understanding of the soft fragmentation and hadroniza-
tion. By combining various reactions one can try and
extract the perturbative QCD part and to learn more
about the interplay.
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